This report is an extension of the study for structural imaging of 5-6 nm thick β-Si 3 N 4 [0001] crystal with a spherical aberration corrected transmission electron microscope by Zhang and Kaiser [2009. Structure imaging of β-Si 3 N 4 by spherical aberration-corrected high-resolution transmission electron microscopy. Ultramicroscopy 109, 1114-1120]. In this work, a local symmetry breaking with an uneven resolution of dumbbells in the six-membered rings revealed in the reported images in the study of Zhang and Kaiser has been analyzed in detail. It is found that this local asymmetry in the image basically is not relevant to a slight mistilt of the specimen and/or a beam tilt (coma). Rather the certain variation of the tetrahedral bond length of Si-N(4) in the crystal structure is found to be responsible for the uneven resolution with a local structural variation from region to region. This characteristic of the variation is also supposed to give a distorted lattice of apparently 2°-2.5°deviations from the perfect hexagonal unit cell as observed in the reported image in the work of Zhang and Kaiser. It is discussed that this variation may prevail only in a thin specimen with a thickness ranging ≤5-6 nm. At the same time, it is noted that the average of the bond length variation is close to the fixed length known in a bulk crystal of β-Si 3 N 4 .
Introduction
In a recent high-resolution transmission electron microscopy (HRTEM) study of β-Si 3 N 4 [1] , the highresolution image at C s 0 and Δf 0 using a 300 kV FEI Titan (80-300) as shown in Fig. 5b of Ref. [1] clearly showed the isolated nitrogen atom columns as well as Si-N dumbbells separated by 0.095 nm along the [0001] projection. Contrast details have been discussed in [1] and it was found that not all dumbbells in a six-membered ring were resolved with the same resolution, which was assumed to originate from a slight misorientation of the sample from the [0001] projection and/or residual aberrations.
The main purpose of this work was to find out the reason, which caused the uneven resolution over the field of view of the TEM image: whether this observation is due really to a slight misorientaion or the effect of specimen bending and/or residual aberrations of the microscope, or alternatively to an intrinsic property of the structure with a possible local breaking of symmetry. In addition, we will discuss whether the intensity or phase images of the exit-surface plane wave reconstructed from the through-focal series of the high-resolution images shows better resolution. Further, we will demonstrate that the digital data of the exit-wave diffraction amplitudes can be used for the least-squares refinements of parameters of a model structure. For the exit-wave reconstruction, the iterative wavefunction reconstruction (IWFR) method developed by Allen et al. [2, 3] will be used with the four images shown in Fig. 3a -d of Ref. [1] . Employing this method in this case can be justified from a recent report [4] . This report, dealing with the specimen of β-S i3 N 4 [0001] with an 7 nm thickness, has clearly shown that the IWFR method works very well for the retrieval of the exit-wave even when using only 4-5 images of an HRTEM focal series. The successful reconstruction of the exit-wave in this work can also be seen in Fig. 3 .
Methods

Instruments and samples
The experiments were carried out using an FEI Titan (80-300) with a field-emission gun and an objective lens aberration corrector. All HRTEM images were taken on a 1024 × 1024 pixel CCD camera at a magnification of 1.4M, 1.25M and 620K. Si 3 N 4 polycrystalline ceramics with a composition of Si 3 N 4 -2MgO-7.2La 2 O 3 (in wt.%) were employed for atomic imaging, and some large Si 3 N 4 grains were chosen for structural imaging [1] .
Image simulations and analysis
Investigation of effects of specimen bending and residual aberrations
In order to see the effects of slight misorientation of the specimen bending and residual aberrations on the images, corresponding image simulations were carried out first. For calculations of images at the exit-surface of the specimen, the HowieWhelan equation [5] , equivalent to the Bloch wave method, was used. A possible bending of the specimen can be assumed to have been composed approximately of small, thin crystal slabs, with a continuous variation in local orientation slightly away from the zone axis. The coefficients of residual aberrations measured by Zhang and Kaiser [1] were used in the simulation, as well as the coherent wave aberration function as in Refs. [6, 7] . All these simulations showed that the slight bending of the specimen approximated as a few milli-radian specimen tilting and/or the residual aberrations in Table 1 of Ref. [1] do not give a significant effect on the images of uneven resolution of dumbbells as shown in Fig. 1a (same as Fig. 5b of [1] ). In addition, the residual aberrations listed in Table 1 of [8] for TEAM 0.5 at 300 kV were also examined to see their significant effects on the images. This list includes a second-order axial coma of B 2 = 38 nm and a fifth-order spherical aberration of C 5 = 5.1 mm. Calculations showed that these values give ±18°and 9°phase shifts in the phase-transfer function associated with the amplitude of the exit-wave, respectively, for the maximum g value of 10 nm -1 . Moreover, these are corresponding to the defocus values of ±0.5 and 0.25 nm, respectively, for g = 10 nm −1 in the function. Thus, the effect of these aberrations on the images will be small. Indeed, the image simulations including all the data in Table 1 of Ref. [8] showed no significant changes in images in our case.
Asymmetry of images
A careful examination of the symmetry of the image and the pattern presented in Fig. 1a and b, respectively, reveals quite clearly the breaking of the hexagonal lattice symmetry. In Fig. 1a , the 4 × 4 unit cells (3.04 nm × 2.63 nm with dotted lines) show a deviation of 2.5°from the hexagonal symmetry and therefore represent themselves as triclinic cells. In Fig. 1b , which is the fast Fourier transform (FFT) of Fig. 1a , this fact is easily seen by the deviation and splitting of spots.
It is important to note that the spots in Fig. 1b are split in various directions and do not form welldefined (reciprocal) lattice arrays. This fact indicates that the orientations and parameters of the triclinic cells vary slightly from region to region as shown in Fig. 1a . The origin of this peculiarity of the local structural variation in the images will be explored extensively in the subsequent sections.
Image simulations and the exit-surface wave reconstruction
To obtain more structural information, the exitwave reconstruction was performed using the four HRTEM images of Fig. 5 of Ref. [1] taken at different defoci. The intention was to prove, first, whether the exit-surface wave gives a betterresolved structural image than Fig. 1a . To perform the exit-wave reconstruction, data of accurate defocus values are required for each image. The true atomic structure of the observed images with the asymmetry as seen in Fig. 1a is completely unknown but supposed to have a similar form as the β-Si 3 N 4 crystal structure. Therefore, it can be assumed that the averaged structure, imposed forcefully the translation and hexagonal lattice symmetries, would become close to the crystal structure of β-Si 3 N 4 . Since the crystal structure of a perfect β-Si 3 N 4 crystal is well known [9, 10] , the exact defocus values at the exit-surface can be determined by matching the simulated and symmetrically averaged images. The result is shown in Fig. 2 .
The images presented in Fig. 2a are parts of Fig. 5 of Ref. [1] with the 4 × 4 unit cells (3.04 nm × 2.63 nm). These images were taken from the rectangular area ABCD in Fig. 1a . The ABCD image itself is the same as the second one in Fig. 2a . Clearly, these images do not have the exact hexagonal lattice symmetry because the bottom is shifted from the top by 2.5°toward left in the horizontal line. The images in Fig. 2b are the averaged images of Fig. 2a , giving the hexagonal lattice symmetry. This imaging process involved the following steps: first, the pixel points in the images of Fig. 2a were shifted by 2.5°in the horizontal line to make approximately a hexagonal lattice. Second, this lattice image was divided into 4 × 2 cells to do lattice translation averaging. Each cell is a supercell with twice the size of a hexagonal unit cell and is supposed to have the lattice translation symmetry. It should be noted that averaged images by this translation symmetry are essentially the same as the originally observed images except slight changes in cell shape. Finally, the averaging of 6-fold rotation symmetry of the images was done. These final, averaged images have perfect hexagonal lattice symmetry, as shown in Fig. 2b . Figure 2c presents simulated images that are in agreement with that of Fig. 2b for the following input data: the fixed C s = −0.5 μm for a 300 kV TEM; the defocus values listed on the left of the figure; the specimen thickness, t = 5 nm; the Gaussian focus spread, Δ s = 2.9 nm; and the semi-angle of the beam convergence, β s = 0.2 mrad. It is seen that the agreement in the pattern between the simulated and observed images is generally good. Nevertheless, there are certain contrast mismatches between images in Fig. 2b and c. The reason for the contrast mismatches may be due to the well-known 'Stobbsfactor problem' [11] including the negligence of the detector modulation-transfer function in our image simulations [12] . It should also be noted that the averaged images in Fig. 2b did not come exactly from the true structure of the specimen. Thus, theoretically, it is not necessary to have an exact match between the images in Fig. 2b and c. Here, we emphasize that the purpose of this matching work is mainly to determine the exact defoci which are used in the exit-wave reconstruction from the experimental images. Therefore, this quantitative contrast mismatch is not considered as a serious problem in image matching. Figure 3 displays the intensity and phase images of the exit-surface wave: Fig. 3a shows the reconstructed images of the exit-surface wave using the four images processed up to the second stage explained above, and, therefore, it has cell translation symmetry. Figure 3b represents the images using the four images in Fig. 2b , which have hexagonal lattice symmetry. Figure 3c represents the simulated images of the exit-surface plane wave of a perfect β-Si 3 N 4 crystal with a thickness of 5 nm at C s = Δf = Δ s = β s = 0.0, but g ≤ 10 nm −1 limited by the objective aperture. In this reconstruction process, the image data at Δf = −0.7 nm in Fig. 2 was given the weight factor of 4 and others equally of 1. In this way, a better-resolved intensity image of Fig. 3a than that of the image at Δf = −0.7 nm in Fig. 2a was obtained. This improvement of resolution can further be confirmed by comparing the symmetrically averaged intensity image of Fig. 3b with that at Δf = −0.7 nm in Fig. 2b . Now, it can be seen that in the intensity image of Fig. 3b , the measured separations of the Si-N dumbbells in the six-membered rings are very close to the true separations of the atomic columns along the [0001]-direction (see Table 2 ).
FFTs of the exit-surface wave and the intensity Figure 4a shows the map of the amplitudes of the FFT of the exit-surface complex wave whose intensity and phase images are displayed in Fig. 3a . This map is corresponding to the local diffraction pattern for the rectangular area ABCD shown in Table 2 . Separations of atomic columns of the six-membered ring in the [0001] projected plane. (1) Table 1 . The crystallographic data of the model structure with the least-squares refinements. The z-coordinates of atoms are assumed to be the same as the data of the perfect crystal [10] Atom of the diffraction can also be used for the least-squares refinements of parameters of a model structure, as seen in the following sections. Figure 4a shows that all diffraction spots lie below g max ≈ 1/(0.095 nm). This limitation, in fact, comes from the input parameter of the optimum cut-off value of the (mainly temporary) damping envelope function in the algorithm of the IWFR method, rather than the objective aperture limitation. This optimum value is set to 0.2. That is, for λ = 1.968 × 10 −3 nm for 300 keV electron, the focal spread Δ s = 2.9 nm and g max = 10 nm −1 , the temporary damping
Resolution limit
0.2. Diffraction vectors larger than g max = 10 nm
2) were ignored simply to obtain the best reconstructed exit-wave. d min = 1/ g max is considered to be the guaranteed resolution limit for our HRTEM images. In practice, the resolution of peaks in the image could be recognized up to 0.8d min . In this case, two peak shapes increasingly overlapped and the separation of the peaks appeared to be reduced proportionally to the degree of overlapping [13] . In this experiment, the real separation of Si-N dumbbells is 0.095 nm, slightly less than d min = 0.1 nm. Nevertheless in the image of Fig. 3b these separations are well resolved. Figure 4b is the FFT of the intensity of Fig. 3a , whose image Fourier components extend up to 1/ (50 pm) = 2g max . The intensity distribution in this FFT has mathematically an inverse symmetry (Friedel's law). This figure is similar to Fig. 1b , which is the FFT of Fig. 1a . Interestingly in the literature [8] the value of (2g max ) −1 is often considered to be the information (or resolution) limit. Recently, O'Keefe et al. [14, 15] have criticized that this value is not a direct indication of atomic resolutions found in HRTEM images. Here, one should note that the correction of D(g) −1 essentially gives the better resolution intensity image in Fig. 3a than in the raw image in Fig. 1a . Besides, weak super cell spots can be seen in the FFT maps of Fig. 4 . These spots are in fact artifacts, which should be ignored as they come from the second stage of image processing by averaging over the translation symmetry of a super cell.
The symmetry relation in the amplitudes
The amplitudes of the diffraction spots in Fig. 4a are listed in Table A1 in Appendix. And these amplitudes have no particular symmetry relation such as the hexagonal symmetry or the inverse symmetry (Friedel's law). Here, it is recalled that because the exit-wave was reconstructed from the images at the second stage image process as stated above, the reciprocal lattice in Fig. 4a (the FFT of the exit-wave) apparently shows a perfect hexagonal unit cell: but it should be viewed geometrically as the reciprocal lattice of the triclinic cell area ABCD in Fig. 1a , deviated about 2.5°from the hexagonal. The failure of Friedel's law, i.e. the inverse asymmetry in the amplitudes may arise under two situations in this experiment: one is due to the possible specimen mistilting to the beam direction, and the other due to the non-centrosymmetrical triclinic structure of the selected specimen area. It is reminded that Friedel's law does not hold for non-centrosymmetry crystal in electron diffractions [16] . The effects giving the failure of Friedel's law from these two situations on the diffraction can be distinguishable, however. For instance, ±(50.0) reflections show large asymmetry in the intensity; but the next ±60.0 reflections show just slightly reverse asymmetry (see also Table A1 in the appendix). This fact cannot be explained with specimen mistilting, and can only be understood by the violation of Friedel's law for non-centrosymmetry crystal. At the same time, an intensity gradient of the ensemble of spots from the upper left corner to the lower right corner in Fig. 4a indicates an evidence of small specimen mistilting effect.
A model structure with least-squares refinements
We are now interested to find a model structure which gives uneven resolutions of the dumbbells in the six-membered rings. For this purpose, the method of least-squares was employed with data of the diffraction amplitude of each reflection (Fig. 4a) . The computer program based on the algorithm of nonlinear least squares fitting in Ref. [17] has been developed for this work. The function minimized was ∑||φ g | e − |φ g | c | including the transmitted reflection of g = 0 with the normalization of ∑|φ g | 2 = 1 when no absorption was assumed. Here |φ g | e is the diffraction amplitude of g-reflection as in Fig. 4a and Table A1 in the appendix, and |φ g | c is
the calculated amplitude for a model structure. And the residual indices as fitting parameters are defined as
with 163 reflections under g < 10 nm −1 . It should be noted that these amplitudes, in principle, are not relevant to residual aberrations, because the exitsurface wave itself is free from such optical parameters causing aberrations. As a characteristic feature of the uneven resolutions, the separations of intensity peaks of the dumbbells in the ring in Fig. 5a , which is an enlarged part of 
Results
For the specimen mistilting and/or beam tilting (coma)
Let us first explore the possibility that uneven resolutions of the dumbbells in the six-membered rings might come only from the specimen mistilted and/ or beam tilting (coma), whose structure is still a perfect hexagonal symmetry crystal [9, 10] . For this case, it is good enough to refine the parameters of the specimen thickness (t), the angle tilted (θ) in a certain direction and temperature factor (B). Please note again that the data of amplitudes in Table A1 are independent of the optical parameters such as the coma in principle. Further to make the image similar to Fig. 5a , it was assumed that a large second-order coma B 2 = 250 nm (the coma axis: −π/4 from [h0.0]*) is additionally associated with the above exit-wave calculated from 0.3°mistilted specimen at the image plane. The resulting image simulated is displayed in Fig. 6a . In this simulated image the separations of peaks of Si-N dumbbells in the rings merely are measured as 0.095 nm or less, not matched with the characteristic feature of the uneven resolutions showing in Fig. 5a . Still, we have tried to see if a large specimen mistilted image could be matched with Fig. 5a , apart from the work of the least-squares fitting. Figure 6b shows the best resemble image with Fig. 5a , simulated with the tilting angle θ = 13.1 mrad (0.75°):
. It is noted that the magnitude of this angle is close to 10g (g = 10.0) Bragg diffraction angle! Also the diffraction amplitudes of this image gave quite large residual indices, R a = 31.5% and R i = 25.3%. Again the separations of peaks of Si-N dumbbells in the rings also are measured as 0.095 nm or less, not matched with Fig. 5a . Above all, it is quite clear that a moderate crystal mistilt and/or residual aberrations could not give a distorted lattice image with 2.5°deviation from the hexagonal! Therefore, we have to relax the condition of a perfect hexagonal structure in the least-squares refinements for a model structure. In this process, the coordinates of the triclinic cell model (with γ = 120.0°, not γ = 117.5°) was refined for a convenience. This procedure can be justified from the fact that since the deviation of the angle of 2.5°is small, the changes in the atomic positions in the cell coordinates are insignificantly small when the cell frame with γ = 120.0°is transferred to the real triclinic cell with γ = 117.5°and vice versa.
The result of the refinements gives R a = 20.4% and R i = 13.6%. The data of the refined atomic coordinates are listed in Table 1 , and the diffraction amplitudes of 163 reflections, calculated with the data, are listed in Table A1 . Table 2 lists the separations of atomic columns of a six-membered ring in the (0001) plane. The distances of the separation are generally in agreement with the measured separations from Fig. 5a : the differences of separations of Si-N dumbbells between those in Table 2 and the measured ones stated above are 0.005, 0.006, −0.008, 0.006, 0.014, 0.002 nm in order. Since the measurement error is 0.004 nm, this discrepancy is considered insignificant, except 0.014 nm of Si(5)-N(5). The simulated images of the intensity and the phase, and their averaged images are as shown in Fig. 7 . These images are reasonably well matched with those of Fig. 3a and b. It should be noted that the simulations are independent of z-coordinates of atoms in the model, which is unknown, because the images are the projected ones along the z-[0001]-direction.
For Si-N bond lengths in SiN 4 tetrahedrons
To see further whether the refined (x, y) positions of the atoms (Table 1) are physically reasonable, calculations of the Si-N bond length were carried out with the z-coordinates assumed to be those of the perfect structure of β-Si 3 N 4 as listed in Table 1 . The crystal structure of β-Si 3 N 4 basically consist of Table 1 and (b) the averaged ones with C s = Δf = 0, γ = 120°for the lattice cell. three corner-sharing SiN 4 tetrahedrons. Therefore, only the variation in the bond lengths of the tetrahedrons of the triclinic model was calculated (Table 3) . As seen in this table, the variation in bond lengths lies in the range of 0.163-0.192 nm with the averaged value 0.176 nm. This 0.176 nm is, within the measurement error of 0.004 nm, consistent with the almost fixed length of 0.173-0.174 nm in a perfect crystal [9, 10] . For comparison, we have noted that in α-Si 3 N 4 the variation of the tetrahedral bond lengths of Si-N (4) is reported to be from 0.164 to 0.193 nm [18] , which is quite close to those in this case. It is well known that α-Si 3 N 4 consists essentially of alternate basal layers of β-Si 3 N 4 [9] . In light of this fact, we consider that this bond length variation in SiN 4 tetrahedrons can be quite acceptable physically. Finally, the simulated images for the triclinic model structure data with γ = 117.5°in Table 1 , corresponding to the original raw images in Fig. 2a are shown in Fig. 8 . The agreement between simulations and the observed images is striking. Here it is emphasized that the triclinic crystal data in Table 1 are only for the specimen area of 4 × 4 cells in the rectangular ABCD, not for the full specimen area in Fig. 1a . In fact, a careful measurement of cell parameter variation over 7 × 7 cells (49 cells) in Fig. 1a gives that a = 0.766 ± 0.010 nm, b = 0.755 ± 0.010 nm, γ = 118.14°± 2.27°. This means that the Si-N bond lengths in SiN 4 tetrahedrons are changed slightly from cell to cell also. This variation will be responsible for forming a not well-defined (reciprocal) lattice arrays shown in Fig. 1b .
Thickness dependence of the asymmetry of images
On the other hand, the HRTEM image and its FFT in Fig. 9 show that the deviation from the hexagonal lattice symmetry is reduced in this case within 1.5°, as compared with 2.5°-3°in Fig. 1 . The image here (Fig. 9a ) was taken from a relatively thick area ( 7 nm) of the same sample. Interestingly, in the literature [2, 4, 19] , a similar asymmetry was noted by us in the reported HRTEM images for β-Si 3 N 4 specimen with a thickness of 7 nm. In the reported HRTEM images, the degree of the asymmetry was measured to be about 1.1°. These results indicate that the degree of asymmetry decreases with increasing thickness of the specimen. This dependency could be explained as within a thicker crystal the stress of this bond length variation would cause higher crystal energy, and then the rearranging positions of atoms making a fixed bond length of 0.173 nm would reduce the energy. Thus, the images of specimens with thickness larger than 10 nm would show increasingly the hexagonal lattice symmetry for the bulk crystal of β-Si 3 N 4 (determined by X-rays).
Discussion
In an aberration-corrected HRTEM image of β-Si 3 N 4 [0001] (Fig. 1) presented in Ref. [1] not all dumbbells in the six-membered rings are evenly resolved. Table 1 . These images correspond to the experimental images in Table 3 . Bond lengths (nm) in Si-:N 4 tetrahedrons of the model structure in Table 1 . In this work, we find that this observation is basically not relevant to specimen bending or/and slight mis-orientation of specimen or/and residual aberrations. This turns out to be due to an asymmetry structure with a distorted lattice, roughly deviated by 2.5°from the hexagonal lattice. We find that the local structure is triclinic (see Table 1 ) and the tetrahedral bond length of Si-N(4) varies from 0.163 to 0.192 nm with an average of 0.176 nm (see Table 3 ). This variation gives the uneven separation of dumbbells of Si-N in the six-membered rings in the [0001] projection, from 0.084 to 0.105 nm with the average of 0.096 nm (see Table 2 ). Therefore, the resolution limit of 0.08 nm (the guaranteed resolution, 0.1 nm) of our microscope used in the experiment of Ref. [1] does not allow resolving all the dumbbells with equal accuracy. That is, in Fig. 5a the separation of Si(3)-N (3) is 0.104 nm and is shown to be well resolved, but the separations of Si(1)-N(1) and Si(2)-N(2) are near the edge of the microscope's resolution limit of 0.08 nm, and hence are not resolved well. Here, it should be emphasized that the model structure in Table 1 is only one of all other possible local structures with an irregular asymmetry. That is, other variations may occur from region to region in the entire specimen.
Origin of the asymmetry structure of a thin
This study indicates that the local structural variation prevails only in a thin specimen. This fact naturally predicts that the near surface structure of β-Si 3 N 4 [0001] should exhibit the same type of disorder of local symmetry breaking. Relating to this expectation we have noticed the reported images of β-Si 3 N 4 [0001] in Ref. [20] by a scanning transmission electron microscope (STEM). These images are the bright field and annular dark field ones. Interestingly, the lattices of these images were measured to be 2°deviations from a perfect hexagonal lattice, like the image in Fig. 1a (Kimoto et al. [20] seem not to have noticed this aspect). In general, STEM images are known to have come from scatterings at a certain surface depth ( perhaps less than a few nanometers) of the specimen. One might doubt that the 2°deviations in the images may be due to a drift in STEM. However, these images have been taken by a highly stabilized STEM. The demonstration of this stability can be seen in another STEM images of [110] silicon in Fig. 2 in the same paper, noting that the images show no significant drift. Further, in the study of clean Si 3 N 4 surface reported in Ref.
[21], the paper states in Section 3.3 that 'No low-energy electron diffraction pattern was seen, not even a (1 × 1) pattern from the bulk of the film, which indicates that the Si 3 N 4 LPCVD films are disordered. Since no ion bombardment was done, this disorder appears to be intrinsic to the present films and not the μm at the defocus −3 nm for a 7 nm thick sample area (the same as Fig. 7 in [1] ), (b) FFT of (a). In (b), a hexagon with equilateral triangles is drawn to see clearly the deviation of the reciprocal lattice spots from the hexagonal. The splitting spots in insets corresponding to the nearest spots are enlarged five times for clarity. The splitting angle of these spots is 1.5°. |5a*| = |5b*| = 1/ (0.132 nm).
result of damage incurred during surface cleaning'. Generally, the low-energy electron diffraction comes only from scatterings by a few atomic layers of the surface. Thus the reported disorder may be for the structure of a few atomic layers of the surface and then could be explained with the Si-N bonding variation discussed above. Furthermore, in the theoretical study for the structure of a Si 3 N 4 film growth along the [0001] crystal direction during chemical vapor deposition (CVP) in Ref. [22] , this paper states in conclusions that 'the dangling bonds on the bare surface are relaxed, and the calculated Si = N bond length 0.161 nm is considerably shorter than typical lengths of crystalline Si-N bonds (0.174-0.176 nm), and the surface atoms of these diatomic groups are significantly displaced from the bulk crystalline positions'. This bond length of 0.161 nm is very close to the shortest distance of 0.163 nm in Si-N tetrahedrons listed in Table 3 . With all these evidences reported in the literature [4, [19] [20] [21] [22] , we can conclude with confidence that a local structural variation shown in a thin β-Si 3 N 4 [0001] could not be certain artifacts that are being produced either by distortions of the microscope imaging system or by a residual beam tilt and/or as a result of crystal damage-by either during thinning of an ion beam or the electron beam (including surface charging) upon imaging, but is an intrinsic property of Si-N bond length variation in SiN 4 tetrahedrons in the crystal structure. It is emphasized again that such artifact images could not have a distorted lattice apparently 2°-2.5°d eviated from the perfect hexagonal cell as observed in Fig. 1a and as being reported in Refs. [4, 19, 20] . Generally speaking, the artifact damage during the specimen preparation due to ion bombardments, etc. is supposed to make statistical random distribution of possibly various defects such as point defect, dislocation, stacking fault, etc. on the specimen over a relatively large area of μm size, and are observable in the HRTEM image too. Please note that the area of Fig. 1 is less than 7 nm × 7 nm. And these kinds of defects have not been observed in Fig. 1 . As another possibility, if intermixing of O atoms in the Si 3 N 4 lattice occurs significantly due to inclusion of oxygen atoms during the β-Si 3 N 4 grain growth, then this mixing would certainly make the variation in the Si-N bond length and/or could even destroy the SiN 4 tetrahedron configuration; however, the average of this bond length variation gives very unlikely the fixed length of a bulk of β-Si 3 N 4 and the resulting structure of the lattice would not show even a distortion deviated slightly from the hexagonal. Thus, we can exclude this possibility for the asymmetry observation in Fig. 1a . Finally, during this work we were aware of a conference report by Svete and Mader [23]: they have examined a 4.7 nm thick β-Si 3 N 4 [0001] HRTEM images under (C s -corrected) a FEI Titan (80-300) at 300 kV and C s = −13 µm. The image at the defocus of +6 nm in [ Fig. 1 single image] in the paper also shows the uneven resolution of dumbbells of Si-N in the six-membered rings. And they have explained this uneven resolution due to specimen tilting imaging. They have shown by matching images with the simulation performed with the structure of perfect β-Si 3 N 4 at a crystal tilt of t x = 0.5°(tilt axis parallel to horizontal edge of image) and t y = 0.6°(tilt axis parallel to horizontal edge of image). No beam tilt (axial coma) or others was applied in the simulations. Because this study is very close to our case, we have carefully reexamined all images with the reported data in the paper. Indeed, the lattice of the single image of Fig. 1 (observed) shows no significant deviation from the hexagonal cell. However, we have noticed by careful measurement that the phase and the amplitude images of the reconstructed exit-wave shown in Fig. 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Concluding remarks
Careful examination of the uneven resolution of dumbbells in the six-membered rings observed in HRTEM image of a thin [0001] β-Si 3 N 4 reveals an intrinsic property of the certain variation of Si-N bond length in SiN 4 tetrahedron. Also this variation seems to be responsible for forming a not welldefined crystal of β-Si 3 N 4 with slightly distorted lattice, apparently 2°-2.5°deviated from the perfect hexagonal cell, as the thickness is thin, such as 5-6 nm. However, the average of the tetrahedral Si-N(4) bond length variation is close to the fixed length known in the bulk crystal of β- Si 3 N 4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
